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ABSTRACT 3 

A study of simultaneous magnetic field and energetic particle 
records from the IMP-1 satellite on the dark side of the earth has 
shown several distinct correlations which can be understood a3 
diamagnetic effects of charged particle populations. Depression 
of the magnetic field in the closed magnetic field line configura- 
tion of the particle cusp region is observed on most orbits. 
Attributing this depression to the diamagnetic effects of particles 
about 1 % of the effect can be attributed to electrons >45 keV. In 
the geomagnetic tail region, large depressions of the magnetic 
field having radial extent ^10 R e are observed when the satellite 
approaches the neutral sheet to within -*5 R ft . Energetic electron 
fluxes appear throughout this volume and show no strong preference 
to occur immediately adjacent to the neutral sheet. In this region 
less than of the diamagnetic effect is due to electrons >45 keV. 
Finally, there are examples of intense, energetic electron fluxes 
closely associated with reduction of the magnetic field magnitude. 
In one case an electron flux of 3 x 10 cm sec” >45 keV was 
associated with a field change from 20y to By. 
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INTRODUCTION 

The highly eccentric orbit of the IMP-1 satellite has 
permitted an extensive set of observations of fields, particles 
and plasmas to be accumulated In the region surrounding the earth 
out to geocentric distances of 31.7 earth radii (R ). Of particular 

v 

interest in connection with terrestrial phenomena has been the 
nature of the geomagnetic field In the anti-solar direction and 
the particle populations in that region. Results from the IMP-1 
satellite have provided the most complete description of the 
geomagnetic field on the night side of the earth at distances where 
the dipole character of the field has been greatly distorted to 
form s magnetic tall. The field has been shown to have approxi- 
mately t 40 R ft diameter at a geocentric distance of 30 R ft with 
the lines of foroe directed parallel to the earth-sun line. These 
measureaents have also lad to ths discovery that the night-side 
geomagnetic field is divided into two great bundles of magnetic 
lines, pointing directly away from the tun south of the plane of 
the magnetospherlc equator and toward the aun above this plane. 

These bundles of lines have been shown to be separated by a neutral 
sheet which Is very thin if its thickness is taken to be defined 
by the angular coordinate specifying direction of the field with 
respeot to the sun-earth line. The observed neutral sheet posi- 
tions have been shown by Ness (1963) to lie close to the solar- 
magnetospherle equatorial plane. 

Measurements on ths sxplorer XIV satellite reported by Cahill 
give considerable information on the region from 6 to 16 R 0 that 
Is Intermediate between the fully developed geomagnetic tail and 



3 


the inner dipole- like region. Of particular Interest was the 
finding that near the plana of the gecmagnotlc equator at geo- 
centric distance* between 8 and 10 R 0 a depreaalon in the magnitude 
of the field occurs. Cahill attributed this effect to a plasma 
whose high energy tail had been detected in several satellite 
experiments. The large fluxes of low energy (1-10 keV) particles 
in this Intermediate re£ion have been studied by Orlngaus (i960) 
and by Freeman (1964) and at higher energies ( >40 keV) by Frank 
(1963), by Anderson (1965) and most recently by derlemitsos (1966). 
An extensive set of particle measurements in the geomagnetic tall 
comes from the Vela satellites which have circular orbits of about 
17 R # geocentric radius, close to where Hess (1965) pieces the 
beginning of the characteristic tail topology. The most recent 
published work from the Vela group is authored by Coon (1965) and 
by Berne, et si (1966). Another set of particle measurements in 
the geomagnetic tail comes from IMP-1 and thus extends out to 
geooentrle distances of nearly 5k R # . These measurements were 

most recently discussed by Anderson (1965). The most significant 
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finding was that fluxes of energetic electrons up to 10' cm sec 
show an impulsive character. That is, in regions of space several 
earth radii In extent these particles appear with onset times of 
10 to s few hundred seconds, and then decay sway with a time 
constant from several minutes to one hour. 

Examples of energetic electron Island fluxes may be seen In 
many of the Figures presented here. Figures 11 and 13 show 
particularly clear examples. This fast-slow characteristic Is 
observed regardless of whether the satellite Is outbound or 
Inbound. These observed changes of counting rate in the Oeiger- 
Mueller tube are due to temporal changes In the energetic electron 



flux at a fixed point in space. The motion of the satellite plays 
only an inconsequential part in changes of the counting rate. 
Detailed discussion of this point is given in the reference just 
cited. The definite characteristics of these energetic electron 
fluxes in the geomagnetic tall require a means of referring to 
them. They will be referred to as energetic electron islands 
until their true physical nature is known at which time it will 
be possible to describe them in terms of basic, causal phenomena. 

The present work is an attempt to relate features of the 
magnetic field to high energy electron fluxes in the geomagnetic 
tail using results from the IMP -1 satellite. This spacecraft, 
its orbit and details of the magnetometer instrumentation have 
been described by Ness, Scearce and Seek ( 196 U). The particle 
counters have previously been described in detail by Anderson, 
Harris and Paoll (1965). 

This article Identifies significant departures from the 
average or typical field situation in the geomagnetic tail as 
reported by Ness (1965) and relates these to changes in energetic 
partiole fluxes. 
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PROCEDURE 

In order to identify departures from an idealised geomagnetic 
tail field static in time and slowly changing in space, the three 
aagnetio field quantities in solar-ecliptic coordinates have been 
plotted versus a linear scale of geocentric distance along with 
the counting rate of the Oelger-Nueller tube. These plots, for 
only the inbound orbital pass, will tend to emphasize spatial 
effects and somewhat obscure temporal effects but the main purpose 
of the study is to determine the size of regions in which depar- 
ture from Idealized behavior is found. The procedure is then to 
make a visual Inspection of the combined field and particle records. 
Here we discuss three types of field-particle correlations t 

1. Magnetic field depressions in the particle cusp region 

2. Broad magnetic field depressions in the fully developed 
geomagnetic tail 

3. Detailed features of the magnetic field during the appearance 
of electron island fluxes. 

In discussing certain of these features, particularly for 
comparing one with another, it has been found useful to introduce 
a quantity Rt 

^^max " ^mln^ * 

R * v 

jr- 

2jr o '*max " 'min ' 

This quantity is calculated for cases of simultaneous field and 
particle changes. j mltv is the directional electron intensity 
>45 keV associated with the magnetic field magnitude 


^•In ** th * directional intensity associated with the field f l Bln . 

IT Is the average energy detected by the DIP-1 particle detector, 
and v Is the velocity corresponding to this energy. In all cases 
U Is taken to be 100 keV and the velocity is then 1.6 x 10 10 cw/s«c. 
When R changes, part of the change way be due to changes In the 
spectrum of the particles above 45 keV. However, the variation 
of l?/v cannot be very great since this quantity varies approxi- 
mately as the velocity to the first power. 

The directional intensities are assumed to be isotropic over 
all solid angles so that they can be related to the oountlng rate 
in the IMP-1 Oeiger-Mueller tube t 



where C is the counting rate, corrected for dead tine effects, 
due to electrons >45 keV. Qj^ Is the geometric factor of the 
entrance collimator geometry. This is calculated as a telescope 
factor and is found to be 0^ - ^.5 x 10 _<J cm^-sterad. The 
quantity c Is the efficiency for scattering electrons from the 
gold foil into the active volume of the Oeiger-Mueller tube. This 
has been shown to be energy independent over a wide energy range. 
The absolute value for this particular geometry is 0.07. 

R is used as a dimensionless parameter in an attempt to 
organise certain features of the field-particle correlations. 

The quantity ) is a ru«»sure of the total 

particle energy density assuming that pressure by waves la 

negligible. The quantity is simply the energy density 
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in a given region due to electrons >45 keV tinea in aost eataa 
^■ax^min* * nd h * no ® Therefore R in aoat ease* gives 

the ratio of energy density due to energetio electrons to the 
energy density due to all ciprged particles of all energies in a 
given region. In this sense it aay be used to indicate the hardness 
or softness of the particle populations in a given region. If the 
energy spectrum and the pitch angle distribution of the energetic 
electrons were known, the partial pressure exerted by these parti- 
cles could be calculated. This partial pressure is given byt 



£ x is the average perpendicular energy carried by the electrons 
>45 keV and If is the average total energy carried by them. These 
quantities are integrals having the form] 

\ • f S 3 slna da dS 

* - / / 3 o« « 

The Integrals are to be carried out over particles moving in both 
directions and the energy Integrals begin at 45 keV in the present 
case. The ratio of the two integrals in effect gives an average 
pitch angle slna. The partial pressure is then: 


p • slna R 


Percent 
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RESULTS AMD DI3CU33I0M 

Inspection of the combined vector magnetic fie Id -energetic 
electron measurements from the orbits of IMP-1 confined to the 
geomagnetic tail region shoe the following main features j 
I. field-particle correlations in the particle ouap region. 

On most of the orbits 31 to 47 the field is depressed below 
Its expected value over an extended region corresponding to the 
apeolfle particle feature in the distant radiation zone variously 
called the cusp or the particle tail. The cusp is an energetic 
particle feature on the night aide of the earth readily identified 
on moat orbits. It is confined in latitude and shows sudden and 
large counting rate transition on its outward side. This boundary 
is usually between 10 and 13 R Q . For example, on orbit 31 (Fig. 1) 
the flux In the cusp is 1.4 to ^.1 x 10*^ cnf^sec"* from 13 to 
14.3 R but in less than 0*3 the flux drops to about 1.4 x 
10^ cm^eec”*. Inspection of the combined IMP-1 particle-field 
records shows that on 1C orbits out of 13 for which complete 
data records were available the ouap showed a sharp, well-defined 
transition having a counting rate change of at least a factor of 
10. In all but one of these ten cases the magnetic field was 
observed to decrease abruptly in oloae association with the 
particle lnoreate at the ouap boundary. The field and particle 
changes are simultaneous to within a few minutes or a few hundred 
kilometers. The changes in the field magnitude associated with 
the ouap boundary are from 3 to ^Oy, Figures 3 , 4, 3 ■*** 6 
further illustrate this effeot. In all these cases, geomagnetic 
conditions were quiet. 
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In the eu« of the other five tell orbits from IKP-1 which 
permit simultaneous study of fields end particles, e well-defined 
Jump In both particle flux end magnetic field does not occur. 

In these esses the boundary of the cusp cannot be determined 
because the fluxes are weak and show no sharp transition. In two 
or three cases a cusp boundary can be tentatively Identified but 
the magnetic field makes no clearly associated Jump. An example 
of this behavior is shown in Fig. 7. Geomagnetic conditions were 
very quiet on this occasion. 

Table I summarises ths field and particle data for those 
eases where the cusp region is well developed, in eight of the 
ten cases, magnetometer data is available and the field magnitudes 
Just inside and Just outside the cusp boundary are listed In 
Table I. The field Inside the boundary sometimes fluctuates so 
that it is necessary to perform some averaging. Several examples 
of how the values in the table were obtained are given in Tigs. 

1, <£* 3, 4, 5 and 6. These examples serve to show how well-defined 
the particle- fie Id association is in many cases and also that any 
other averaging that may be employed will not greatly change the 
listed values. The next entry in the table is the ratio R, 
calculated for the associated field and particle changes across the 
cusp boundary. The numerical values range from 0.125 up to 4 . 55 . 
However, if the lowest value is ignored, the spread is only a factor 
of 5. The final entry in Table I is the *v> bud for the day prece- 
ding the observation. There is some tendency for high Rp suae to 
go with the higher particle energy to magnetic pressure ratios and 
for the lowest ratios to be accompanied by low Kp sums. 
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We next attempt to relate thi# behavior of the particle 

population to behavior of the magnetic field lines In this region. 

The interpretation consists of the following statements : 

1. The lines of magnetic force In the particle cusp region, 
though considerably distorted by comparison with a dipole 
field, are closed in the vicinity of the earth and particles 
are able to execute well defined motions between mirror points. 
Measurements on Explorer XIV (Cahill, 1965 ) show closure of 
lines in the vicinity of the earth out to a diatance of 14 R # 
on one occasion. The energetic electron fluxes in the cusp 
are often closely the same as the fluxes in the durable 
trapping region. Recent results published by derlemitsos 
(1966) show that in this region energetio electrons have • 
pitch angle distribution characteristic of their being 
trapped on lines of force which connect directly one hemisphere 
with the other. 

2. The diamagnetic effects of charged particles trapped on these 
lines of force are responsible for the reduction of the 
magnetic field magnitude. This effect is appreciable from 
the outer boundary of the cusp to 3 - 4 R„ earthward from 
this boundary. The magnetio field la reduced from SO 7 outside 
its boundary to 15 y inside the boundary in a typical caae. 

3. The cusp boundary represents the first open line of force. 

By open is meant that the line of force is at least several 
times as long as its neighbor on the earthward aide. This 
sudden change will then alter the flux and perhaps other 
features of the particle population and thereby accounts for 
the well defined boundary observed in this region. 
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4 . The open lines of force beyond the cusp boundary have 
different populations of particles, namely those char- 
acteristic of the geomagnetic tail region. 

5 . Assuming wave pressure in the cusp region is not important, 
the magnetic pressure differential at the outer boundary 

given by - ^mln ' ® U8t be toalanced toy a particle 

“o 

pressure. The ratio R can then be written as R - 

JjAfJ 

u is y and U is the kinetic energy density of all charged 

particle populations in the cusp region. The proportionality 
results from the fact that the pitch angle distributions 
of the particles have not been accounted for. R may be 
Interpreted as a measure of relative hardness or softness 
of the energy spectra In this region* A large value of R 
means that compared to the particles exerting the pressure 
against the magnetic field Jump the number of energetic 
electrons is relatively large. 

The partial pressure exerted by electrons above >45 keV 
against the magnetic field can be estimated from a knowledge of 
pitch angle distributions on the lines of force in the cusp region. 
The partial pressure is taken to be* p ■ TTCYS5 R. Per cent 
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sina 1# Judged to be about 0.3 from the pitch angle distributions 
published by Serleaitsos (1966). Thus, the partial pressures of 
energetic electrons in the cusp region vary from a small fraction 
of a percent to somewhat greater than one percent. If one assumes 
an energy spectrum reasonably steep down to 10 keV, then it 
appears that electrons *5 keV could supply a considerable fraction 
of the particle pressure necessary to support the observed, sharp 
magnetic field Jump at the cusp boundary. 

IX. Broad Magnetic Depressions in the Geomagnetic Tall 

We have discussed how the magnetlo field usually undergoes 
a sharp jump through the particle cusp boundary. Beyond this 
boundary the field remains strong for distances of several aarth 
radii. Fla Id strengths of 30 to 407 are attained. Figure 1 
illustrates this strong field region extending from 15.1 R_ to 
about 22 r # . in Fig. d the strong field is seen from 11.1 to 
about 16 R # . A third example la given in Fig. 3 where a strong 
magnetic field la seen to extend from 13.5 R # to 23.5 In 
these eases the field becomes weaker at soma larger geocentric 
distance. After remaining at a low value for distances of 5 or 
10 R # the field often recovers. In some cases such as the one 
la Fig. 3 the field la still weak (- 37 ) at the satellite apogee. 

It presumably recovers at larger than 32 R # in these cases. 

Such depressions in the magnetic field magnitude several 
aarth radii in extent are found on moat orbits beyond the strong 
field region Just discussed. These depressions sometimes contain 
an observed neutral sheet 1 at other time a, although the depreaslon 
la well developed, it does not 0 on tain an observed neutral sheet 
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crossing. However, In this latter ease the z coordinate has 
became saall showing that the measurements pertain to regions 
close to the theoretical position of the neutral sheet. Examples 
of this effect can be seen in most of the figures. In particular. 
Pigs. 1# 2 and 4 are well developed examples. Although Ness (1965) 
has shown the field direction changes by approximately 180 ° In a 
small distance («1000 las) during a neutral sheet crossing, the 
field Is substantially weakened over much larger («30,000 km) 
distances from the neutral sheet. Energetic electron fluxes are 
found to have a definite, although complex, association with these 
weak magnetic field regions deep In the tall of the magnetosphere. 
This association can be Illustrated by orbit 54 inbound (Tig. «:). 

In this ease, no neutral sheet crossing Is observed but the 
satellite makes a very close approach to the solar-magnetoapherlc 
Z » 0 coordinate plane. Furthermore, the field does briefly 
reverse direction three times while in this region at 23, 24 and 
25 R . On this orbit the magnetic depression abruptly begins at 
a geocentric distance of 28 R and the directed distance from the 

9 

Z M • 0 plane la -7.2 R # . In the region *5 to 23 the field 
becomes very weak taking on values as low as 2 or 37 . In this 
region the z — coordinate varies from -2 to 0 R^ . The Inner 
boundary of this magnetic depression Is rather difficult to 
locate precisely since It occurs in the strong field region Just 
beyond the particle cusp at about 15 R_. Across this entire 
region from 28 to 15 R ft there occur energetic electron fluxes, 
many of which show the characteristic fast-slow behavior of 
electron islands with flux peaks ranging from 1.5 to SxlO^cm'^seo* 1 . 
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They define an enve lop* which aon forma vary closely to tba magnetic 
depression. This kind of field-partial* aaaoaiatlon ean be found 
on many of the orbit a of IMP-1 In the geomagnetic tail and must 
be regarded aa a baaio feature of the geomagnetic tail region. 

A aeoond example of thia type of field-particle effect when the 
magnetic depreaalon doe a not contain a neutral eheet croaaing 
oecura on orbit 51 Inbound and la ahown in Tig. 1. The depreaalon 
begina at £9 R # where Is about -9 and the field strength 
la ZZy* Between 25 and 27 R # the field la weakest, sometimes 
dropping to 5y. In this region the satellite cornea within 5 
of the aolar-magwe toapherl c equatorial plane. A smooth envelope 
which conforms closely to the magnetic depreaalon may be drawn 
around the particle peaka. Other illustrations of this effect 
occur In Figure® presented here. Figure 7 shows a good example 
from 24 to 14 R ft and Fig. 8 shows another from 51 to 12.5 R # * 

Table I la gives the location of all the large magnetic depressions 
without neutral sheet crossings found on the IMP-1 orbits in the 
geomagnetic tall. The flux of electrons >45 keV obtained at the 
maximum of the envelope containing the particle peaks is given in 
that Table. The Table also gives the Z M coordinate at the 
boundaries of the depression and at the location of the weakest 
magnetic field value. The ratio R la calculated aa was done In 
Table I for the particle cusp-magnetle field association. In 
thia case the particle flux used In the calculation la that which 
oocura at the maximum of the envelope constructed around the 
particle peaks. In all eases this is equal to or nearly equal 
to the highest peak flux over the region of magnetic depression. 
The value of T |, max i» usually obtained from the distant aide of 
the depression. This procedure may be questioned on the basis 
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that stronger flalda usually occur to tha earthward alda of tho 
aagnatla depression. These flalda a ay ha 10 to iOy stronger than 
tha flalda on tha dlataat alda of tha depression. Hoaivar, tha 
flalda In tha region lk -15 R # Mgr atlll ha magneto* tatically 
supported to acme degree toy the dipole- Hke field and tha 11— gm 
tl— of tha cusp region nay alao partially account for this strong 
field. For these reasons we have chosen to obtain at the 

larger geocentric distance 

Table II shows that the aagnetlo depression begins at large 
distances fro* the theoretical position of the neutral sheet. 

Lower Halts to the actual distance from the neutral sheet can be 
obtained by subtracting the saallest Z value attained on each 

SB 

orbit from the Z M value at the outer boundary of the depression. 
These lower Halts range fro* 2 to 8.5 R # below the aagnetospherle 
equator. On the Interpretation that the aagnetle field depression 
Is due to dlasiagnetlc effects of charged particle populations 
these particles extend below (and presumably above) the neutral 
sheet for very large distances. The ratio R Is calculated for 
each of the well-developed cases of magnetic depression without 
neutral sheet crossing. The value of this ratio varies from 0.05 
to 1.7?. The larger values are usually accompanied by moderate 
or large daily IQs sums while the extreme low value occurs during 
and following an extremely quiet period. 

We apply the same interpretation to the large magnetic 
depression that was done for the field partlele association in 
the cusp: the magnetic field decrease is due to dlam agnetlc 

effects of charged particles. The f> values given In Table II are 
based on the peak energetic electron flux occurring In the 
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Magnetic depression. Most values fall In the range 0.5 to 1.7*$. 
Between the peaks R becomes much less and energetic electrons 
play • auch smaller role In providing the required diamagnetic 
effeet. Hie pitch angle distribution of the energetic electrons 
when they appear Is not known from the present measurements. 

However, some results from the Vela satellite measurements (Coon, 
1963) suggest that these fluxes may be more or less Isotropic. 

In that ease sin* * 1 and the partial pressures, p ■ slna R, 
found from Table II lie moatly in the range 0.5 to 1.7*. It is 
Interesting that these values are close to the values found in the 
particle cusp region. Thus the particle speetrums occurring in 
the tall at the time sporadic Island fluxes of energetic electrons 
appear seem to have the same quality (hardness or softness) ss 
the fluxes existing most of the time In the cusp region. This 
points to a connection between these two regions but this result 
does not decide the net direction of particle flow. 

A simple average of R has been taken for the seven oases of 
magnetic depression without neutrsl sheet crossing. The value is 
0.8£. This was also done in Table I for the field-cusp particle 
association. The value in that oaae waa 2.5*. The Xp daily sum 
average la not much different in the two cases. As has been just 
discussed, due to a difference in pitch angle distribution the 
energetic electrons appearing in the tall may exert the same 
partial pressure as do particles of the same energy in the cusp 
region closer to the earth. On the other hand, between the 
energetic particle peaks in the tail region the magnetic depression 
atlll persists to about the same degree and the particle pressure 
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!• then supplied by a particle spectrum of different fom. 

An example of a parti ole -field correlation In which a broad 
Magnetic depression does contain a neutral sheet crossing occurs 
during orbit 38 Inbound (Fig. 4). The depression begins at 
*5 R # where Z M la -d R 0 , the neutral sheet crossing Is at -20.1 
and the inner boundary of the depression Is taken to be 15.1 R # . 
Again an envelope stay be constructed around the particle fluxes 
In this region which conforms well to the magnetic depression. 

On this orbit a broad magnetic depression without neutral sheet 
crossing Is also present from 31 to 26 R # . In this case the 
conformity of the particle envelope to the magnetic depression 
Is not as good as in the three examples discussed above. The 
depression Is again associated with a close app roach of the 
satellite to the 2__ - 0 plane with values of 2.. ranging from 
-5 to -1 R • 

Another example la shown In Fig. 3. Here a series of small 
peaks of nearly uniform alse defines an envelope which conforms 
to the magnetic depression surrounding the neutral sheet crossing. 

Further examples of this type of field-particle correlation 
are shown In Riga. 5 and 9. 

Table III gives Information about the boundaries, z__ 
coordinates, magnetic field strengths and particle fluxes for 
all large magnetic depressions containing one or more neutral 
sheet crossings on the IKP-1 orbits. The ratio in Table III is 
calculstea in Just the same manner as it was In Table II. The 
same criteria for assigning particle fluxes, ? max ana ? oin 
values were used so these two tables are iirectly comparable. 
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The R values now range from C.06 up to G.9,£. The average for 
the seven oases is O.wSiS. This is a factor of three smaller 
than the average in Table II. The average daily Kp stun is 
the same in both tables so this is not an effect of geomagnetic 
activity. The conclusion is then that when the satellite moves 
close to and through the neutral sheet it encounters particle 
populations in which energetic electrons play only a small role 
in exerting the required pressure against the magnetic field. 

We have argued that the broad magnetic depressions without neutral 
sheet crossing differ only in that the trajectory of the satellite 
did not quite cut the neutral sheet. Therefore, the region 
immediately surrounding the neutral sheet to >1 R 0 evidently 
contains an appreciably softer population of particles than do 
the regions still within the same magnetic depression but beyond 
1 R from the neutral sheet. 

Hie broad magnetic depressions in the geomagnetic tail 
discussed here are moat likely a manifestation of the plasma 
sheet required to prevent the tail from collapsing at the 
neutral sheet, where the field reverses. This interpretation 
la baaed on two malh points: First, the magnetic depressions 

show systematic behavior when described in terms of distance 
from the solar-magnetospheric equator, and second, the extent of 
the magnetic depressions along this plane are at least 10 to 
15 R e . The IMP-1 satellite gives this value aa a lower limit 
since It remains close to the solar-magnetospherio equator 
only for these distances. 

Recently; the Vela group (Bams, et al, 1966) has measured 
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electron fluxes over the energy range 0.35 to 20 keV at a geo- 
centric distance of 16-18 H In the geomagnetic tail. They 

found electron kinetic energy densities of 0.26 to 1.0 x 10 ££££ 

cm 

on one particular orbit. The magnetic field wap not measured 
simultaneously on this satellite so it is not possible to directly 
test this energy density to see if it is sufficient to account 
for the magnetic depressions discussed here. For the single case 
reported, the electron energy density if doubled to take into 
account tbs proton contribution, could reduce s 16 gamma field 
to 5 or 10 gammas. The XKP-1 measurements of magnetic field at 
IT R e show that out of 17 passes through this region the magnetic 
field was as low aa 16 gamw on 8 occasions. Thus, there is 
a good probability that the Tela electron detectors were seeing 
fluxes sufficiently high to account for the diamagnetic effects 
observed by IMP-1 in the tall. 

There is a feature of the energetic electron fluxes 
associated with the large magnetic depressions in the tall that 
deserves further discussion. This la the marked tendency for 
the flux peaks to fora s smooth envelope. Again turning to the 
examples in Fig. 1, it is seen that the largest flux peaks occur 
near the center of the broad magnetic depression that extends 
from 29.5 to about 19 R # . Toward the boundaries of this 
depression the flux peaks and the associated envelope fall off 
by a factor of 5. Figure 2 gives an example where the 10 or 12 
largest flux peaks are uniform within a factor of 2 or 3 over 
the magnetio depression that extends from 28 to 15 R # . Again 
In Fig. 3 examples of the coherence In intensity of the flux peaks 
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can be seen. f)»t m m effect «u be seen in fact In oost of 
the figures glnt here. Ono of particular Interact occurs on 
orbit 59 In Pig. 9. Hero the flux peaks arc strikingly onlfom 
over a distance of -15 R # and tines of -20 hours. 

fhe conformity of the partlolo envelope to the nagnetle 
depression lap lies that the energetic particles are closely 
related to the loo energy particles producing the bulk of the 
dlaaagnetlc effect. Zt would appear, therefore, that cone physical 
process occurs over these very large regions in a way such as to 
raise sene particles to higher energies over this entire region for 
sene Minutes or hours. Recent VC la satellite neesurenents 
(Sane, e&Jg* 1966) elearly show that In the tail a rapid change 
in the spectral fora of the entire electron population takes 
pise# with a snail fraction of the electrons attaining energies 
above 49 keT. 

fhe pause of this energisation is not known but the suddenness 
with which it takes place suggest! an instability which releasee 
energy* a hydroaagnetle shook, or a sudden injection from another 
region of the radiation sone. 

In this section ouch but not all of the field and energetic 
electron data from the IMP-1 satellite has been presented to 
illustrate the three field-parti ole correlations Just discussed. 
Jata 13 available from seventeen IMP-1 satellite orbits which 
occur fully within the geoaagnetic tail. The data discussed here 
la obtained froai the inbound portion of these orbits. The outbound 
portions are not uasd because t (a) the satellite does not go 
into the cusp region during outbound passes since th*?3* are always 
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at high southerly magnetic latitudes and (b) because the broad 
magnetic depressions are rarely observed due to the large Z m 
values reached by the satellite on the outbound portions of the 
orbits • 

In order to illustrate further the fact that the effects 
discussed here are a persistent feature of the field and particle 
behavior In the geomagnetic tall we present the Inbound portions 
of all the remaining tall orbits. These will also serve to 
illustrate those occasions when field-particle correlations are 
not well developed. An additional reason for presenting all 
orbits is that full publication of these results will enable 
those who wish to do so to oaks correlation studies with data 
from other satellite experiments, with balloon experiments and 
with ground-based apparatus. The remaining inbound tall orbits 
are given in Figs. 13-18. Some discussion will be presented here 
concerning each of these figures. Figure 13 illustrates all 
three of the field-particle correlations discussed above. The 
inflated magnetic field in the cusp is pronounced and several 
instances of a close field-particle association ooours for 
electron island fluxes. In this case the magnitude of the tall 
field fluctuates greatly during the orbit. This may partially 
account for the fact that the broad magnetic depressions in the 
tall, while present are not as well developed as in some of the 
previous examples. A geomagnetic steam was in progress during 
this orbit. Figure 14 illustrates <juite well the inflated 
magnetic field in the particle cusp. The cusp boundary is taken 
to occur at 15.3 but it is not clear whether the boundajy is 
there or at 11.2 R e . Figure 15 shows a situation where the 
magnetic field is being depressed by particles in the cusp region. 
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How ever, the magnetic field does not show a trail defined Jump 
where the partial* fluxes da. Pigure 15 also shows a vary waak 
flald beyond 27 R 0 hut only vary waak alaotron fluxes above 45 keV. 
Evidently this depression of the geomagnetic field Is being pro- 
duced by particles of lower energy. The inflation of the magnetic 
field in the particle cusp during orbits 33 and 32 (Figs. 16 
and 17) is not apparent although substantial fluxes are present. 
However, in these cases the reversal of field direction is 
occurring much closer to the earth than is the case for the other 
orbits. A magnetic storm was in progress during orbit 35. The 
geomagnetic Indices ware vary low during orbit 32. Figure 16 
shows two broad depressions in the tail field associated with 

h ^ j # i 

moderate (5 x 10 cm sec ) electron fluxes. A neutral sheet 
crossing occurs in one of these depressions. 

III. Correlation of Individual Electron Island Fluxes with 
Magnetic Field Features. 

The preceding analysis has made it clear that energetic 
electron fluxes in the geomagnetic tall are associated with large 
magnetic depressions which have radial extent on the order of 
10 R « The particles and associated magnetic depression reach 

u 

far beyond the observed positions of the neutral sheet and far 
beyond the solar-magnetospherie Z mmt • 0 plane. Electrons *45 keV 
may appear as far away as Z em - -9 and usually show no strong 
tendency to appear preferentially at the neutral sheet. However, 
energetic parties fluxes often do occur there and it is of 
Interest to further investigate their distribution with respect 
to the neutral sheet. 
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Zt is again usaful to refer to several examples to show ttao 
wldo rang# of panic flux values and of flux profllaa encountered 
In and nan r tha nautral abaat aa daflnad by tha aagnatonatar. 

First of all* eroaalnga of tha nautral sheet clearly within tha 
partlola euap region will not ba considered hare. Aa Sarlanltaoa 
(1966) haa shown* the field lines In this region are closed 
(although the radial distance of the boundary of this region nay 
be quite tine dependent ) . Tha nautral sheet data In thia region 
reflects tha fact that tha component of tha field line projected 
on a coordinate plane undergoes a sudden reversal although the 
field line itself ahanges only by a snail aaount. 

Figures 4 and 8 are examples of energetic electron fluxes 
extending over a redial distance of several earth radii more or 
less centered on a neutral sheet crossing. In the eleven IMP-1 
orbits within the geomagnetic tall which contain fifteen observed 
neutral sheet crossings* there is only one other example or par- 
ticle fluxes which arrange themselves in such symmetrical fashion. 

There does seem to be a tendency for the peak energetic 
electron fluxes associated with neutral sheet crossings to occur 
some distance on the earthward aide of the crossings. Due to the 
mixing of spatial coordinates imposed by the satellite’s trajectory 
this effect might be associated with other parameters. Another 
spatial coordinate which changes rapidly is Z gta so that the fluxes 
have a tendency to occur somewhat away from the neutral sheet at 
positive values of £ aa of a few earth radii, iixamplea of this 
tendency for particles to occur off the neutral sheet occur cm 
five of the tail orbits. Three of these cases are given here in 
Figs. 5 * 9 and 10. Figure 11 (orbit 40) also shows this effect. 
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In three «u»i, no particle fluxes or only Tory weak fluxes 
wort priMBt In or nonr the observed noutrnl sheet. In ono came 
tho flux was detectable and m about $000 cm" a see~ l , but this la 
much smaller than tho fluxes observed throughout most of tho 
Inbound portion of that particular orbit. Tho oooaalonal paucity 
of energetic par tides at the neutral aheet la Illustrated by 
Pig. 5 for the first of the two crossings node by the satellite 
and In Pig. 6. 

The distribution of eleetron Island fluxes In solar ecliptic, 
geomagnetic and solar magnetospherle coordinates Is shown In 
Pig. 12. Each of the 120 electron Islands observed on the tall 
orbits are plotted against the Z coordinate In the three coordi- 
nate systems. The results of this arc the curves marked actual. 
Not all values of Z M are encountered by the satellite with the 
same frequency over the 17 tall orbits. The relative frequency 
of the satellite's position taking on a given Z value Is plotted 
against that Z value. Thi 3 curve Is based on the actual traject- 
ories of the satellite for orbits 31 through t?. The result Is 
the curve marked predicted. The degree to which the two curves 
are similar represents the degree to which the particular coordi- 
nate system organises the data. The lap licit assumption is that 
the frequency of ooourrence of Islands Is the same at all 
geocentric distances. This is true to no better than a factor 
of two so a very dose agreement between the pairs of ourves 
cannot be expected. 

In the solar ecliptic coordinate system there appears to 
be a deficiency in the number of islands when the satellite Is 


25 


located below the ecliptic plane. Therefore, during the interval 
15 March to 3 June 1964 the satellite data show a preference for 
island occurrences above the ecliptic plane. 

For the geomagnetic coordinate there is a tendency for the 
islands to occur less frequently at large southerly magnetic 
latitudes, between 8 to 16 degrees, while this observed distri- 
bution indicates an enhanced occurrence for magnetic latitudes 
between -5° and + 3 °. The coverage in geomagnetic latitude is 
limited and it is not easy to determine if the geomagnetic equa- 
torial plane is a preferred plane of orientation for island 
occurrences . 

The lower curve of Figure 12 compares the occurrences with 
that predicted in the solar magnet ospheric coordinate system. 

Here it is seen that the satellite positions are broadly distri- 
buted about the solar magnetospheric equatorial plane. For 
latitudes which correspond to positions of the satellite more 
than ±5 R from the solar magnetospheric equatorial plane the 
number of island occurrences is less than to be expected. For 
positions of the satellite within ± 5 R e of the solar magnetospheric 
equatorial plane the occurrences are slightly higher than expected. 
However, there are no gross departures between the actual and 
predicted curves, and they give evidence that island fluxes are 
distributed symmetrically with respect to the solar-magnetoepheric 
equator. The three distributions are consistent with a distri- 
bution which near the earth is dominated by the geomagnetic equa- 
torial plane but such that at greater distances into the tall the 
solar magnetospheric coordinate system becomes more appropriate. 
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The largest electron fluxes observed In the tell region 
often are associated in s detailed way with magnetic field 
decreases. Orbit 40 shown In Fig. 11 Is the best example of this. 
There, excellent agreement of the electron flux and magnetic 
field profile are to be seen. R values for these associated 
field-particle changes are about 1.5* although the choice of 
values are somewhat arbitrary In this case. It la particularly 
difficult to arrive at an R value for the neutral sheet crossing 
at 20 R # and the R value there could be either 0.3* or 1* depending 
on the choice of The Kp Indices were low at the time of 

satellite measurements but a geomagnetic storm had occurred during 
the previous three days. 

Most orbits do not show such good particle peak to magnetic 
valley correlations as does orbit 40. However, other examples 
may be found In the figures herei Fig. 6, 19 to 17.5 R. and 
Fig. 7* 17.8 to 16 R e . The R value for the first of these two 
peaks is 3.4*. 
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swguunr 

Hire* types of diamagnetic offsets of charged per tide 
populations bees been Identified on the dark side of the darth. 

In the particle cusp region it appears that energetic electrons 
aay account for much of the observed diamagnetic effect, where 
the gsomagnetlo tall has bacons fully developed, broad depressions 
of the nagnetlc field extend northward aad southward froa the 
neutral sheet by -5 Jl # in each direction. These regions are 
froa a few up to 15 in radial extent. They aay in fact extend 
along the neutral sheet for auch larger distances and probably 
are to be identified with the plaeaa sheet providing the required 
particle pressure to prevent collapse of the tail field into the 
neutral sheet. Particle fluxes occur throughout these regions 
and show a coherence in the sense that the peak fluxes are not 
randoa but are related to neighboring peaks. 

Energetic electron fluxes do not show a strong preference to 
occur in the neutral sheet. The peak fluxes in and around neutral 
sheet crossings do not exceed those observed elsewhere on the 
sane orbit. There is acaa evidence that tha energetic partlelea 
in fact avoid a saall region (91 \) in and around the neutral 
sheet. This aay in part be due to the faet that a charged particle 
with guiding center on a magnetic neutral surfaes undergoes only 
part of a gyration about the lines before the radius of curvature 
reverses. Thus tha partial# can readily move "across" lines of 
fores aad out of the neutral region. 

It la of Interest to attsapt a self-oonsl stent aodsl for the 
observed behavior of the aagnetie field and the energetic particle 
fluxes In the geomagnetic tail. Za particular, their later- 
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relationships In tha largo depressions surrounding the neutral 
sheet will he of nost interest because of the transient character 
of both the magnetic field and particle flux features. 

Since they have been observed on all the IMP-1 orbits in 
the geomagnetic tail It is assumed that the broad deprecslons 
are a permanent feature of the geomagnetic tall. Their close 
spatial relationship to the neutral sheet suggests further that 
they are a consequence of the neutral sheet. Permanent populations 
of particles, sometimes containing electrons >45 keV, are 
responsible through their diamagnetic effects for weakening the 
field in this region. It Is noticed that the field magnitude 
In the central part of the depressions does not vary greatly. 

It usually remains between 5 and 67. The field surrounding It 
varies over the range IO7 to 40y. We suppose the increase In 
the tail field to be an effeet of the solar wind during disturbed 
times, (Bohannon and Ness, 1966). The failure of the field to 
increase appreciably inside the sMgnetlc depression is attributed 
to the fact that any attempt to Increase the field is partially 
compensated by increased particle energies which in turn 
produce an enhanced diamagnetic effect. The appearance of electron 
island fluxes showing characteristic fast-slow behavior may be 
due to the presenoe of propagating hydromagnetle shock waves. 
Conditions favor shock fonsatlon when the field is strong (->307) 
on the outside of the magnetic depressions in which the field 
is typically 5 to 87. At these times a disturbance suoh as a 
train of hydromagnetle waves moving through the strong field 
region and arriving at a weak field may steepen into a shock. 
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The hypothesized source of disturbance in the outer* strong-field 
region is the solar wind, there is strong evidence to support 
frequent h ydr cm agnetlc wave aotivity throughout the tail region 
(Lin and Anderson* 1966). there is also evidence that these 
hydromagnetic disturbances couple strongly to electrons and alter 
their energy by some tens of kilovolts, thus as the shook waves 
stove into the region of magnetic depression they elevate the 
energy of electrons resulting in the observed island fluxes. 

For a hydrooagnetic disturbance propagating in a region 
where the ambient field is 5?* the energy density in the wave 

r\ n 

cannot exceed about 10 ergs/oer. By o caparison a flux of 

fT p ■» 

electrons keV of 10 cm aec has an energy density of 
0.4 x 10" 10 srgs/ca^. fits wave therefore appears to carry suf- 
ficient energy to accelerate particles in the observed way but 
the efficiency of coupling would have to be high. 

The accelerated particles often ijave a strong diamagnetic 
effect as can be seen in Fig. 11. It may be sufficient to farm 
a local magnetic bottle In which the particles remain* slowly 
leaking out* until finally the bottle becomes unstable and the 
particles suddenly disappear. 
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TABIg CAPTI0M3 

Tibi* Z - This table gives the aagnetle field magnitude inside 
end outside the particle eusp boundary. The associated 
particle fluxes are also given and the quantity R is 
calculated. It can be seen that there is sane tendency 
for large R values to be aceaupanied by large Kp daily 
sums. This lap lies seas degree of hardening of the fluxes 
la the cusp region during geomagnetic activity. 

Table ZI - This table gives field magnitudes and particle 

fluxes inside sad outside broad magnetic depressions in the 
geomagnetic tail that do not contain neutral sheet crossings. 
The R values average to about Z% and again these values are 
organised somewhat by the Ip daily sums. 

Table ZZZ - In the broad aagnetio depressions that contain a 
noutral sheet crossing the R value is very low indicating 
a very soft particle population with *1 R # of the neutral 

aheet. 
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PIGRJRK CAPTICH3 

Figure 1 - The particle cusp region on this orbit is associated 

with a decreased magnetic field beginning at 15 R.i coincident 

with the particle boundary, and extending in at least as far 

at 10 R . Inside this distance the magnetic field rapidly 
© 

becomes stronger, approximately as R~^. The weakened field 

region inside 15 shows much variability. Beyond 15 R # 
the field becomes quite strong and remains so until about 
22 R q where it wakens greatly. This depression of the 

magnetio field extends to nearly 3^ R- and is associated with 
a close approach to the Z am coordinate plane. Energetic 

o«u 

electron fluxes occur throughout this weak field region but 
the field remains weak even when these fluxes occasionally 
disappear . 

Figure 2 - The outer boundary of the particle cusp region 

coincides with a magnetic fielr* weakening at 11.2 R ft . The 

field drops from about J ily to 2O7. Also on this orbit a 

broad magnetic depression is seen from 28 R in to about 

16 r where the field becomes quite strong. Again most of 
© 

the particle fluxes appear in the broad weak fisld region from 

16 R. to 28 R... 

c © 

Figure 3 - The magnetic field in the cusp region is greatly 

weakened by charged particles. The particle flux and the 
magnetic fields jump simultaneously at 13 »5 Beydhd thia 

tlie Held is strong to 24 R ft where it suddenly weakens due 
to the approach within 2 earth radii of tha neutral sheet* 

The neutral sheet is seen to occur at 2,5 R # . Oreapa of 
energetic eleotron peaks again appear oonfined mainly to 
the depressed magnetic field region. 


35 


Figure 4 - Two apparently distinct broad magnetic flald regions 
occur on this c - v lt, Each has s group of energetic electron 
fluxes with coherent peak fluxes. The dlanagnetlc effect of 
the particles In the cusp region le well Illustrated In this 

figure . 

Figure 5 - A magnetic depression extends across the first neutral 
sheet crossing at *7 This depression Is shout 4 In 

radial extant and 4. 5 In the Z M coordinate. In Mils 

case only very weak (*9000 enlace” 1 ) energetic electron 
fluxes are present. A much broader depression containing 
s neutral sheet crossing appears fren 43.8 R # In to about 
Id R . Again, the fluxes near the neutral sheet are not 
larger than other fluxes in this region. The field weakening 
In the particle cusp la again well defined. 

Figure 6 - Only very weak fluxes of electrons *45 keV appear at 
the neutral sheet while much larger fluxes appear elsewhere 
on the orbit. The cusp effect la again well developed. 

Figure 7 - In this case It la not possible to Identify the cusp 
region due to absence of a well-defined partial# Jump. 

There are particles present In the region normally occupied 
by the cusp particles and there does appear to be some 
weakening of the nagnetle field. A broad nagaetle depression 
occurs from about 14 R to 44 R and again most of the 

9 9 

particle flux observed In the tall la within this 

region. 
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Figure 8 - A broad field depression occurs from >>32 R 0 to 

about 22 and contains many particle peaks* The fluxes 
near the neutral sheet have an unusual appearanoe* The 
largest peaks are somewhat removed from the neutral sheet 

crossing. 

Figure 9 - A series of particle fluxes of very nearly the seme 
value extends over a magnetic depression for a distance of 
nearly 14 R , The island flux which oouurs nearest the 
neutral sheet Is no larger than other fluxes in this 
region. Within this island the peak flux value la reached 
more than an earth radius earthward of the observed neutral 
sheet crossing. 

Figure 10 - For each neutral sheet crossing there is a moderately 
large flux of energetic electrons. In both cases the peek 
fluxes are earthward of the neutral sheet and to the north 
of it. 

Figure 11 - On this orbit especially well developed detailed 
correlations between electron island fluxes and magnetic 
field decreases can be found. The rapid transient behavior 
of the three field quantities suggest shook wave activity. 
These in turn may eouple to the particles resulting in 
acceleration. 
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Figure id - Distribution* of electron Island fluxes In tbs 

geomagnetic tall with rsspeet to thrss coordinate plans*. 
These are the solar ecliptic (3E), geomagnetic equatorial 
plane (MLA?) and the solar aagnetospherlc (3M) . 

Figure 13 - A well defined aagnetle field jump of about 157 

occurs at the particle ousp boundary at 13.5 R # . Oeoaagnetlo 
activity is high resulting in aany Intense particle fluxes 
In the tall and, In those regions where particles are absent, 
strong aagnetle fields. 

Figure 14 - The cusp boundary Is probably at 11*5 R on this 

occasion. However, an eleotron Island flux occurs Just 

beyond and appears related to the cusp. A broad depression 

of the tall field Is evident between 19 and 28 R . Few 

© 

energetic electrons occur in this depression, however. 

Figure 15 - The ousp situation on this occasion is slallar to 
the one shown in Fig. 14. Again an Island flux appears to 
be related to the cusp. 

Figure 16 - Energetic electrons are present out to dB R # during a 
geomgnetlcally disturbed period. These particles are 
associated with a broad aagnetle depression. Beyond this the 
field is strong. The cusp region is difficult to Identify. 

Figure 17 - During a geoaagne tleally quiet period few energetic 
electrons are found in the tall and the tall field Is 
also weak. 

Figure 18 - In this example weak fluxes of energetlo electrons 
sre present several earth radii on either side of the 
neutral sheet. 
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